The implementation of quantum networks involving quantum memories and photonic channels without the need for cryogenics would be a major technological breakthrough. Nitrogen-vacancy centers have excellent spin properties even at room temperature, but phonon-induced broadening makes it challenging to interface these spins with photons at non-cryogenic temperatures. Inspired by recent progress in achieving ultra-high mechanical quality factors, we propose that this challenge can be overcome by spin-opto-mechanical transduction. We quantify the coherence of the interface by calculating the indistinguishability of the emitted photons and describe promising paths towards experimental implementation.
Quantum networks, will enable many applications such as secure communication [1] , blind quantum computing [2] , private database queries [3] , quantum clock networks [4] , more precise telescopes [5] , fundamental tests of quantum non-locality and quantum gravity [6] , and a future quantum internet [7] . They require stationary qubits to store and process the quantum information and flying photonic qubits for communication. Interfacing stationary and flying qubits is therefore a critical component of any such network. Current implementations and proposals for quantum networks require cryogenic temperatures. Eliminating the requirement for cryogenics would be a major technological breakthrough.
Nitrogen-vacancy (NV) centers have excellent electron and nuclear spin properties even at room temperature [8, 9] and are thus promising candidates for the stationary qubits. Entanglement between distant NV center spins has been created via the direct emission of photons at cryogenic temperatures [10] , enabling the first loopholefree test of quantum non-locality [11] . Unfortunately it is difficult to generalize this approach to room temperature because the NV-center optical transition is dramatically broadened due to the interaction with phonons [12] . As a consequence of the associated dephasing, the emitted photons lose their indistinguishability, making them no longer suitable for entanglement generation via singlephoton or two-photon interference [13] .
Potential approaches to overcome this problem include looking for alternative stationary qubits that have good optical and spin properties at room temperature [14, 15] , drastically speeding up the photon emission using ultrasmall mode volume cavities [16] , or a combination of both. Here we propose a promising alternative strategy based on room-temperature quantum optomechanics, which has the additional advantage of allowing one to freely choose the photon wavelength, e.g. in the telecom band, which is ideal for connecting distant stationary qubits through optical fibers.
The tremendous progress over the last few years in fabricating low-loss and low-mass mechanical oscillators and their capability to couple to a wide range of different systems, including light [17] and NV centers [18, 19] , make them attractive as potential quantum transducers [20] [21] [22] . Optomechanical systems are also emerging as an alternative for engineering light-matter interaction at the quantum level [23] [24] [25] and for creating nonclassical correlations [27] . Current experiments in the field of quantum opto-mechanics are usually done at cryogenic temperature to reduce detrimental thermal effects. However, very recent advances in designing high mechanical quality factors in silicon-nitride (SiN) membranes with ultrahigh Q m f product for the fundamental mechanical mode [28] [29] [30] make it possible to envision room-temperature operation, paving the way for our present proposal to use spin-opto-mechanical systems as room-temperature spin-photon interfaces. Our approach builds on previous work on spinmechanical [31] and microwave spin-optomechanical interactions [32, 33] , which allows for engineering an effective Jaynes-Cumming interaction between dressed spin states and a photon. The resulting spin dressed state is robust against magnetic field fluctuations [31, 34] . We quantify the performance of the proposed interface by calculating the indistinguishability of the emitted photon [35, 36] . We then discuss potential implementations and show that high indistinguishability seems to be a realistic goal. The indistinguishable photons could then be used to entangle distant nitrogen-vacancy centers at room temperature, e.g. following the Barrett-Kok scheme [37] realized in [10, 11] .
As shown in Fig. 1 , we consider a Fabry-Perot cavity with resonance frequency ω c and damping κ, where one of its mirrors oscillates with frequency ω m = 2πf m and damping γ m . The movable mirror is a trampoline resonator made of SiN under high tensile stress which could show ultra-high Q m f m product, necessary for room temperature optomechancial cooling [28] [29] [30] . Importantly, patterning a 2D photonics crystal on the membrane alarXiv:1711.02027v1 [quant-ph] 6 Nov 2017 lows for the realization of a highly reflective movable mirror, necessary for reaching the resolved sideband regime [28] . We consider that a magnetic tip is attached to the outer side of the membrane, which allows for magnetic coupling of mechanical oscillations with an NV center's ground state. Fig. 1 (b) shows the electronic ground state of an NV center is a spin triplet where |S = 1, m = 0 is separated from |S = 1, m = ±1 by D 0 = 2π × 2.88 GHz due to spin-spin interactions. By driving the NV center's ground state with microwave fields with Rabi frequency Ω R , detuning ∆, for ∆ Ω R , (see Fig.1 (c)) and applying rotating wave approximation, the NV center's Hamiltonian can be written as
. The NV-mechanics coupling is given by λ(b + b † )S z , where b is the phonon annihilation operator, S z is the z component of the spin, λ = 2µ B x zpf G m / is the NV-mechanics coupling, with µ B is the Bohr magneton, x zpf = /2mω m is the amplitude of zero point fluctuations of the mechanical oscillator and G m is the magnetic field gradient. In the spin dressed state, the NV-mechanics coupling becomes
We now consider that the optical cavity is driven by a laser which is red-detuned by ∆ 0 = ω c − ω L . The total Hamiltonian of the system, after linearizing optomechanical interaction, is given by
where a is the cavity annihilation operator, and g is the optomechanical coupling. By choosing ∆ 0 = ω q = ω m + δ, and for δ > {λ, g}, one can adiabatically eliminate the mechanical oscillator to obtain an effective spin-photon coupling [32, 33] 
with Ω = λg/δ. Eq. (1) describes coherent interaction between optical cavity and the NV center ground state. The total dynamics of the system, including the dissipative part is given by the following master equation [32, 33] 
where κ 1 = κ + Γ th and γ 1 = γ + Γ th are modified relaxation rates of the cavity and spin dressed states, respectively, γ 2 = κ 2 = Γ th = (gλ/δ 2 )γ m n th are thermal induced excitation rates for the NV centre and the cavity and finally n th is the phonon number. Comparing Eq. (1) and Eq. (2), one can see that the coupling scales as δ −1 while noise scales as δ −2 , which allows for suppression the thermal effect for δ > {g, λ, γ m n th }, relative to the spincavity coupling. [32] . The last two terms in Eq. (2) shows that the thermal fluctuations of the mechanical oscillator, Proposed setup. (a) Optomechanical system consisting of an SiN membrane under high tensile stress that is held by long tethers as in Refs. [28, 29] . Patterning the membrane with a 2D photonics crystal (bars on the membrane) enhances the membrane reflectivity and therefore the optomechanical coupling [28] . The cavity is driven by a laser which is red detuned with respect to the cavity by ∆0. A magnetic tip on the outer side of the membrane couples the mechanical oscillations with the ground states of an NV center that is implanted in a diamond substrate. (b) Two NV ground state transitions are driven by a microwave field with Rabi frequency ΩR and detuning ∆ as shown. (c) The dressed states |e, d = (|1 ± | − 1 )/ √ 2 provide a two-level system with energy difference ωq = 4Ω 2 R /∆, which effectively couples to the cavity field as given in Eq. (1). The third ground state |g = |0 and |d are the states of the spin qubit that becomes entangled with the optical mode following the Barrett-Kok scheme [37] , see below.
would excite the NV ground state and the cavity by the rate Γ th . In the following we set λ = g, which allows one to work with the smallest possible δ and therefore gives the highest possible coupling.
We assume that the NV center is initially prepared in the state |e and the cavity mode is in the vacuum state. Moreover, we assume Γ th κ, such that the dynamics are restricted to the subspace {|0, e , |0, d , |1, e |1, d }. We have numerically confirmed that this is an excellent approximation in the relevant regime. Defining u (1) = ( σ − , a ) T , and using Eq. (2) we getu (1) (t) = A 1 u
(1) (t), where
From Eq. (3), one can see that the the thermal fluctuations of the membrane cause an additional dephasing for the NV center's spin given by Γ th . Compared to [18, 19] , where the spin-mechanics coupling is on resonance, the present approach shows a reduction in the thermal induced dephasing by a factor of (g/δ)
2 . The equation of motion for the second order moments
is given by the inhomogeneous equationu
(2) (t) = A 2 u (2) (t) + N , where
with Γ = γ 1 + γ 2 + 2γ s + κ 1 + κ 2 ; N T = (γ 2 , 0, 0, κ 2 ) represents the incoherent driving of the NV centre-cavity system corresponding to the last two terms in Eq. (2).
To quantify the performance of our spin-photon interface, we calculate the indistinguishability of the emitted single photon, which is a measure of bunching in the Hong-Ou-Mandel setting defined as [35, 36] 
t c is usually taken to infinity [36] , which is appropriate when there is no driving. Here, as we will see, we should keep t c finite in order to minimize the thermal induced excitation of the cavity. For the ideal case, where the photons are indistinguishable we have I = 1, the probability of coincidence detection would be zero in the Hong-Ou-Mandel experiment. To calculate the two time correlation in Eq. (5), we use the quantum regression theorem [38] to obtain a † (t + τ )a(t) = (e A1τ ) * 21 a(t)σ + (t) +(e A1τ ) * 22 a † (t)a(t) . For initial state |0, e , we have a(t)σ + (t) = (e A2t ) 31 and a † (t)a(t) = (e A2t ) 41 . Another figure of merit for an interface is its efficiency. In the absence of thermal excitation, the efficiency would be identical to the brightness β = κ´t c 0 dt a † (t)a(t) . However, in the presence of thermal excitation β can be greater than 1, making it important to distinguish the true efficiency from the contribution due to incoherent driving. The brightness can be calculated using the equation of motion for the second moment and Eq. (4). For our regime of interest, κ {γ s , Γ th }, β can be written as β(t c ) = β 0 (t c )+β th (t c ), where β 0 (t c ) is the true efficiency obtained for N = 0, given by β 0 (t c ) = κ´t c 0 dt(e A2t ) 41 , and β th (t c ) = κ´t c 0 dt´t 0 dt e A2(t−t ) N (t ) is the contribution to the brightness due to thermal excitation, which to a good approximation is equal to 2Γ th t c . Fig. 2 shows the indistinguishability I, brightness β, true efficiency β 0 , and relative thermal contribution to the brightness, P th = β th /β, as a function of the cut-off time t c . we have used the following set of parameters: T = 300 K, ω m = 2π × 1 MHz, Q m = 10 9 , γ s = 2π × 200 Hz [8] , γ = 0, κ = 2π × 20 KHz [28] , λ = g = 2π × 50 KHz, δ = 5g, for which we obtain Ω = 2π × 10 KHz and Γ th = 2π × 1.6 KHz. For this set of parameters, we have R = κ, which is optimal for high indistinguishability [16] . One can see that β can exceed one due to the thermal excitation; β 0 approaches a stationary value . Therefore to get a highly efficient interface we need to have R Γ th , which is equivalent to the ground state cooling requirement. For the chosen parameters, the maximum efficiency is about β 0 ∼ 90%. The relative thermal contribution P th is minimized for cut-off times around Ω −1 , where P th ∼ 0.05. The indistinguishability reaches its maximum value (∼ 95%) around the same time, with an efficiency of around 50%. In Fig. 2(b) we have shown how the performance of the interface depends on the mechanical quality factor. One can see that for Q m = 10 8 , the brightness has a significant contribution due to thermal excitation (P th ∼ 40%), showing that high-fidelity room-temperature operation requires increasing Q m towards 10 9 .
The crucial requirements for our proposal are opti-cal cavities with narrow bandwith, ultra-high mechanical quality factor and large spin-photon coupling. For the optomechanical cavity, we consider a Fabry-Perot cavity with a length of 60 cm and a finesse of 12000 (κ = 2π ×20 KHz). Such a high finesse cavity could be realized by patterning a 2D photonic crystal on the SiN membrane [28] . One could use a larger cavity bandwidth like κ = 2π×100 KHz, at the expense of increasing Q m to 10 10 . The tip could be located at a node of the optical field to minimize any disturbance to the photonic crystal cavity.
To achieve the required spin-mechanics coupling, one needs a magnetic field gradient as high as G m = 10 8 T/m. A magnetic field gradient of 10 7 T/m has been reported in [40] . Note that a constant bias magnetic field can be applied in order to have a small total field at the location of the NV center. Such a large magnetic field gradient can shorten the spin coherence time due to noise associated with the magnetic domain noise of the tip material [19] . The destructive effect of domain noise could be removed by using a single-domain rare earth nano-magnet [19, 39] .
Another way to achieve the desired spin-mechanics coupling, is to use collective enhancement arising from the coupling of an NV ensemble with a mechanical oscillator. Note that the same idea has already been implemented for an NV ensemble with superconducting qubits [41] . To this end, we require to have a grid of NVs coupled magnetically to magnetic tips. Accurate positioning of NV centers has been pursued in a few experiments [42, 43] . For example in [43] the NV centers are positioned with accuracy beyond diffraction limit (100 nm). On the other hand, controlled growing and positioning of tips has been reported in [44] . Depending on the size of the membrane, collective interaction could lead to one or two orders of magnitude enhancement of the spin-mechanics coupling.
Our proposal needs an increase in the mechanical quality factor by at least one order of magnitude compared to [28] [29] [30] . Despite the huge progress in the field of nanomechanics, the ultimate limit for mechanical Q m , is not fully understood yet, due to the many different dissipation mechanisms involved. The energy dissipation mechanisms in a mechanical system can be classified into external and internal mechanisms. The main external loss channel is the radiation loss (or clamping loss) in which the finite energy of the oscillator leaks into the holding support. In the case of the SiN membrane, the radiation loss could be minimized by applying tensile stress [45] and engineering phononic band gap structure to isolate the membrane from its support [30, 46] . The internal loss mechanisms include thermoelastic dissipation (TED) due to phonon transport, Akhiezer dissipation(AKE) due to phonon scattering [47] , and surface loss. For a highly stressed SiN with frequency about 1MHz, the Q T ED > 10 11 [48] . A rough estimation for the upper limit for AKE is Q AKE ≈ O(10 9 ) for SiN membrane [49] . For current devices, surface loss due to surface impurities and roughness [30, 50, 51] is the dominant mechanism, limiting the quality factor to about 10 8 [28] [29] [30] . It should be possible to elevate this limit by surface treatment. Phononic crystal structures might also improve the surface loss limit, as they reduce the thermal conductivity of SiN [52] .
The described spin-photon interface can be used for creating entanglement between a spin qubit and an optical mode. To this end, one needs to prepare the superposition state (|e + |g )/ √ 2 instead of the initial state |e considered above. Emission of a photon from |e creates the spin-photon entangled state (|d |1 + |g |0 )/ √ 2 between the spin qubit and the outgoing optical mode. Creating such entanglement for two distant spin qubits and combining the generated optical modes on a beam splitter, one can create entanglement between the spin qubits following Ref. [37] . For the parameters we used in this paper the spin-to-photon conversion rate R = κ is quite low. To increase the rate, one could use a cavity with greater linewidth, which in return requires higher spin-mechanics coupling. The ultimate limit of the emission rate is determined by the mechanical frequency as we need to satisfy κ < ω m to be in resolved side band regime, necessary for ground state cooling. The ultimate limit for the mechanical frequency, with high mechanical quality factor (Q m ∼ 10 9 ), is determined by the upper limit of Q m f m , which seems to be unknown. It is worth mentioning that in the context of long-distance quantum networks the basic repetition rate is limited by communication times in any case [53] , making the rate of the interface less of a concern, but favoring the implementation of multiplexed schemes [54] . Although we focused on the SiN membrane, the idea could be applied equally to a levitated nano-particle with an embedded NV center [55] [56] [57] .
In conclusion, given the recent progress in achieving ultra-high mechanical quality factors and ultra-narrow cavity bandwidths, the realization of room-temperature spin-photon interfaces seems to be within reach. Together with proposals for non-cryogenic nitrogen-vacancy based quantum information processors [58, 59] , this might pave the way for a room-temperature quantum internet.
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